In this study we investigated the stress-strain behavior at room and elevated temperatures and the tensile creep and cyclic creep response of a unidirectional SiC fiber-reinforced aluminosilicate glass matrix composite. The interfacial condition of the as-received material was measured by a push-out indentation technique. The stress-strain behavior was that expected for this kind of composite, i.e. "pseudoductile" behavior with extensive fiber "pull-out" at room temperature and brittle failure at intermediate temperatures (750 ~ due to oxidation embrittlement. The stiffness of the composite at 750 ~ was analyzed for different loading rates, highlighing the influence of the loading rate on apparent composite stiffness, due to matrix softening. The creep studies were conducted at temperatures above and below the softening temperature of the glass (Tg, 745 ~ in air. The cyclic creep experiments showed the existence of extensive viscous strain recovery during the unloading period. The creep strain recovery was quantified using strain recovery ratios. These ratios showed a slight dependence on the temperatures investigated (700 and 750 ~ The crept composites retained their "graceful,, fracture behavior only partially after testing, indicating that oxidation of the fiber/matrix interface due to oxygen diffusion through the matrix occurred in the peripheral area of the samples.
Introduction
CONTINUOUSfiber-reinforced ceramic matrix composites and related glass and glass-ceramic matrix composites are candidate materials for various structural, high-temperature, and other specialized applications . The reason for the interest in these materials is their improved mechanical properties, especially fracture toughness and non-catastrophic failure mode, when compared to those of monolithic materials. Possible applications exist for intermediate-temperature-capability composites that are easily processed, such as those with a glass matrix. Such materials must be able to operate under adverse conditions involving creep, cyclic creep, or fatigue loading. Under these loading conditions there may be deformation, interfacial reactions, and matrix microstructural changes, which can lead to increasing microstructural damage and eventually to composite failure. Thus, besides the characterization of the stress-strain response at room and elevated temperatures, knowledge of the creep response of the composite under both monotonic and cyclic loading is important for materials evaluation, because they represent conditions that the components may encounter in service. (Ref 12) . Overall, the experimental results in the literature suggest that when compared to sustained loading, elevated-temperature cyclic loading can decrease the overall strain accumulation in fiber-reinforced ceramics. This effect should be enhanced when one of the constituents has a high glassyphase content. The decrease in strain is a consequence of viscous strain recovery that occurs during the unloading portion of a creep cycle. This strain recovery effect in fiber-reinforced composites has important implications for the life prediction of components under cyclic loading. The total strain accumulation may be much lower than that observed for sustained creep loading, and therefore life predictions that do not consider the strain recovery component can lead to pessimistic lifetime expectations (Ref 9) . This paper presents results on the tensile stress-strain response at room and elevated temperatures and on the tensile cyclic creep behavior of an aluminosilicate glass matrix composite reinforced with SiC (Nicalon) fibers. The tests were carried out in air at temperatures near the glass transition temperature (Tg) of the matrix. The quantification of the strain recovery that took place during cyclic loading was done using creep recovery ratios. The variation of composite stiffness with loading rate at temperature was also investigated.
Experimental Procedure
The composite material was supplied in the form of plates ( 110 by 110 by 3 mm 3) by the manufacturer (Schott Glaswerke, Mainz, Germany). Details of the glass matrix composite inves-344--Volume 6(3) June 1997
Journal of Materials Engineering and Performance tigated are given in Figure 1 shows a scanning electron microscopy (SEM) image of the material. A push-out indentation technique was employed, as a quality control, on as-received samples to assess the condition of the fiber/matrix interface, known to be crucial for determining the mechanical properties of this type of composite.
These tests were conducted using an in situ SEM indentation apparatus (Touchstone Ltd., USA) (Ref 16) . The thickness of the specimens was 350 I.tm. A diamond indenter (end diameter 6.8 lam) was used to apply the load on the fibers, and a displacement rate of 0.0625 lam/s was employed. The failure modes were observed by SEM. Twenty fibers were indented and the average interfacial shear stress at the onset of debonding (x) was determined. Samples for tensile tests were cut from the as-received plates by means of a diamond milling tool in a computer numerically controlled machine. Specimens with 40 by 4 by 3 mm gage section were employed. A "dog-bone" test piece, similar to that specified by Holmes (Ref 17) , was used with superalloy wedge-shaped warm gripping. Strain measurement was achieved with an MTS low-contact force extensometer. The mechanical behavior of the composite under monotonic load was assessed at room temperature and at a maximum of 800 ~ by tensile testing. Very low contact force was necessary at the temperatures used to prevent sample flexure and creep under the lateral loading imposed by the extensometers.
Creep and cyclic creep tests were conducted using load control with a loading rate of 0.5 MPa/s. The cyclic creep behavior was tested at two temperatures, 700 and 750 ~ Hold times for cyclic creep at load and nominally no load (2 MPa) were equal. One cycle was typically 8 h. The apparent stiffness variation with loading rates from 0.0067 to 13.5 MPa/s was investigated with a minimum of three loading/unloading cycles to 100 MPa at 750 ~ The fracture surfaces of broken samples during tensile tests were observed by SEM. After the cyclic creep tests, some crept samples were tested at room temperature using the same jig described above. The fracture surfaces of these broken samples were also observed by SEM. Figure 2 is a typical push-out indentation plot showing the load-time curve at room temperature. The average value of x was 18 MPa, with subsequent interracial shear at lower stress (typically 9 to 10 MPa). Although there was considerable scatter in the determined values, in general, the low stresses measured indicate the presence of a weak (carbon-rich) interface. In-depth microstructural investigations in the composites have shown that the interracial layer has a thickness of approximately 30 nm (Ref 13, 18) . For the present study, the results of the push-out investigation were solely intended as a quality control for the as-received material to confirm the presence of the weak interface. Figure 3 shows typical stress-strain plots for the samples tested at room temperature and at 750 and 800 ~ Consider- 
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